This paper reports on the use of trimethyl sulfonium hydroxide as a base additive for 193 nm applications, which is found to stabilize the latent image as well as act as a photodecomposable base. Delay time stability (exposure to post-exposure bake) of formulations consisting of trimethylsulfomum hydroxide is compared to that of a nonphotodecomposable base (diethanolamine) in both methacrylate-and cycloolefm-based 193 nm resists. Resist formulations made using the trimethylsulfonium base were delaystable for more than one hour, while the reference formulation with diethanolamine showed T-top formation within 10 minutes delay time under the same conditions. The trialkylsulfonium hydroxide base additives were found to be photodecomposable by measuring the acid produced upon exposure. Compared to a non-photodecomposable base containing resist, the photodecomposable base containing resist produced more acid in the exposed areas under identical PAGIBASE molar ratios.
INTRODUCTION
A common problem of chemically amplified resists, both for 248 nm and 193 nm applications, is their sensitivity to process delays due to environmental base contamination. Several methods to circumvent these issues have been reported, such as annealing the resist film by application of a soft bake temperature above its glass transition temperature,' use of simple base additives,2 or application of a barrier layer top coat.3 Another generally used technique is the pre-poisoning of the resist by the addition of a defined amount of a basic compound, an approach which has as one variation the photodecomposable base (PDB) concept. In this approach a photoacid-generating cation is paired with a basic anion, leading to a compound that acts as a base in its unexposed state but becomes neutral upon absorption of light. Triphenyl sulfonium hydroxide and its derivatives have been found to be very effective additives for 248 nm photoresists. While these compounds are also active at 193 nm, their high absorption at that wavelength restricts their usefulness.
We have previously published the novel photodecomposable base concept to control photogenerated acid diffusion, and have applied this concept to protected poly(hydroxystyrene)-based KrF resists4. The photodecomposable base compounds (e.g., triphenylsulfonium hydroxide) decompose in the exposed areas into neutral fragments but remain intact and act as acid scavengers in the non-exposed areas. The acid released from the PAG in the exposed areas is fully available for the cleavage reaction since the base is destroyed by the exposed light. When the photogenerated acid molecules diffuse into the unexposed latent image areas, they are neutralized by the base. Compared to a 
Measurement of Generated Acid in the Resist Films
The amount of acid generated in the resist film was measured indirectly by determining the dose to clear (E0) values of the resists as follows: 1 ml of resist and 200 µml of solvent were mixed and coated at a certain spin speed onto an organic B.A.R.C.-coated wafer, and Eo was measured. In the next step, the desired amount of dilute base solution (tnoctylamine in PGMEA, 2.04 % w/w) and solvent were added to 1 ml of resist solution such that the total volume of the base solution and solvent added was always 200 µl. The mixture was coated as described above, keeping the film thickness constant and avoiding changes in Eo due to the swing effect. The base content of the solutions was incrementally increased until it was no longer possible to open the resist at "infinite" exposure dose. The minimum amount of base that was necessary for a particular resist to reach the infinite Eo value was determined from the plots of Eo vs. amount of base added plots (see Figure 4 ). 4 The compound may also be used for 193nm resists, however, its strong absorption at 193 nm makes the addition of appreciable amounts of TPSH impractical. One possible strategy is to replace the phenyl groups with alkyl groups, and one would be led to consider less absorbing compounds such as phenyldimethyl or diphenylmethylsulfonium salts' for this purpose. Trialkylsulfonium salts such as trimethylsulfonium hydroxide (TMSH) have no absorption at 193 nm' and will not make resists more opaque; however, since TMSH is consequently also unable to absorb light it will also not act as a photodecomposable base unless it can be sensitized by other components of the resist . The experiments discussed below suggest that TMSH indeed acts as a photodecomposable base. As a result of the combination of a transparent base with a sensitization mechanism, it is possible to achieve high loadings of base while at the same time maintaining high photospeed and good resist transparency.
DelayTime Stability of PDB Containing Resists
In order to test the effectiveness of photodecomposable and non-photoactive base additives in improving delay time stability (exposure to post-exposure bake), three resist formulations containing p(MAdMA-co-MLMA) and diphenylsulfonium nonaflate PAG (71 µmol/g of polymer) were formulated. Resist 1 contained diethanolamine (DEA) as a base at a loading of 8.3 mole-% of PAG, and resist 2 and resist 3 contained 20 & 40 mole-% TMSH. For these levels, resist 1 and 2 had approximately the same photospeed (Fig. 2) , even though the PDB content is about 2.5 times that of DEA. At twice the additive loading, resist 3 required about twice the dose. The formulation containing DEA was found to show T-topping after only 10 minutes, and the structures were found to roof over completely after 1 hour. In contrast, the TMSH-containing resist 2 is stable up to more than an hour at the same photospeed. Resist 3 could not be induced to T-top at the base levels present in the cleanroom (4-5 ppb). These results show that the PDB additive is effective in reducing delay time sensitivity, and it is evident from the photospeed numbers that part of the TMSH must be decomposed in the The PDB approach was also found to be effective in a cycloolefin-maleic anhydride type resist formulation.6 Figure 3 shows the delay time stability of 0.15µm equal LlS of formulations containing polymer made from BNCINC/HNC/MA copolymer (see Experimental section) with triphenylsulfonium trifluoromethanesulfonate (TPSTf, 30µmollg of polymer) as the PAG. Resist 4 contained 1,3,3-trimethyl-6-azabicyclo[3.2.1]octane (TACO, 30 mole% of PAG) as a non-photoactive base, and resist 5 contained TMSH (30 mole% of PAG). Resist 4 shows slight T-topping even at zero delay time, whereas resist 5 is stable for more than 30 minutes.
Photodecomposition of Trimethylsulfonium Hydroxide
The photodecomposition of trimethylsulfonium hydroxide in the resist formulations was further verified by a photochemical back-titration method. A similar method has recently been reported in the literature.8 Three different formulations were prepared containing no base additive (resist A), diethanol amine (resist B; TPSNf 30 .tmol/g of polymer, DEA:15 mole-% of PAG), or trimethylsulfonium hydroxide (resist C; TPSNf 30 µmollg of polymer, TMSH: 22.4 mole% of PAG). Various amounts of trioctylamine base solution were added, and the dose-to-clear (E°) was determined. As the amount of base additive increases, more and more PAG is photolyzed to overcome the base, until at some point all PAG has been consumed (see Table 1 and Figure 4 ). At this point further increases in the exposure dose will fail to clear the resist, and the amount of acid formed can be calculated from the amount of base added.
From the measurement on Resist A, it can be concluded that 40 .tl of the trioctylamine solution are sufficient to completely neutralize the acid generated in a resist containing 30
µmole TPSNf PAG per gram polymer.1° For resist B, the resist can no longer be cleared after addition of 30 µl of base solution, whereas for resist C, the corresponding number is 34.5 µl. Since the amount of added base is directly proportional to the amount of acid neutralized, it can be concluded that about 55% of the TMSH must have reacted with self-neutralization during the exposure.
While this estimate is lower than the 60-70 % estimated earlier, but it confirms that self-neutralization is an important pathway for the TMSH additive.
Measurements on the resists coated on quartz wafers confirmed the results reported in the literature ' that TMSH has essentially zero absorbance at 193 nm. This means that TMSH photodecomposition must occur through a sensitization mechanism. Due to the low absorbance of the resin matrix compared to the absorption added by the opium salt sensitizer, it appears probable that the main contribution is energy transfer from the opium salt itself or from its (also strongly absorbing) photoproducts.
Lithographic Performance Of AZ®EXP AXT 11OIOP And AXTM1030P Resists
In most 193 nm systems, the isolated lines show a substantial negative bias, being up to 100 nm smaller than the dense lines of the same coded size at the same dose. This inversion of the optical situation is caused by excessive acid diffusion. Resists such as AZ®EXP AXTM1010P or AZ® EXP AXTM1030P which are based on p(MAdMA-co-MLMA) polymer and use the PDB concept are an exception to this rule. With the AZ® EXP AXT'"IOIOP resist, a linear resolution of 0.13 µm with a depth of focus (DOF) value of 0.5 µm can be obtained ( Figure  5 ). The resist shows one of the best iso-dense bias values (7 nm) at the sizing dose for either iso or dense lines ( Figure 6) . A process window analysis ( Figure 7) shows that the dense line process window is almost completely a subset of the isolated line process window. Part of the good performance of AZ®EXP AXTM1010P is intrinsic to the p(MAdMA-co-MLMA) system, and a low iso/dense line bias is also observed for resists using this polymer and nonphotoactive bases. However, the increase in the level of the base additive which is possible as a result of the transparent PDB concept leads to a further improvement in the iso/dense bias by further reducing the effective acid diffusion length. Very similar performance is observed for the also photobase-containing AZ®EXP AXTM1030P resist.12
4.CONCLIJSIONS The use of the photodecomposable base (PDB) concept has been extended to both methacrylateand cycloolefin-type 193 nm chemically amplified resists. Both alkyl-substituted sulfonium or iodonium base compounds may be employed. Using a back titration method in which the dose-to-clear value is used as an indicator, it has been verified that trimethylsulfonium hydroxide (TMSH) acts as a photodecomposable base in a resist mixture. Since TMSH has no absorbance at 193 nm, it was concluded that the energy transfer into the molecule occurs through a sensitization mechanism. The lithographic performance of 
